In this paper, we propose a faster-than-Nyquist non-orthogonal frequency-division multiplexing (NOFDM) scheme for visible light communications (VLCs) where the multiplexing/demultiplexing employs the inverse fractional cosine transform (IFrCT)/FrCT. Different to the common fractional Fourier transform-based NOFDM (FrFT-NOFDM) signal, FrCT-based NOFDM (FrCT-NOFDM) signal is realvalued, which can be directly applied to the VLC systems without the expensive up-conversion and thus it is more suitable for the cost-sensitive VLC systems. Under the same transmission rate, FrCT-NOFDM signal occupies smaller bandwidth compared to OFDM signal. When the bandwidth compression factor α is set to 0.8, 20% bandwidth saving can be obtained. Therefore, FrCT-NOFDM has higher spectral efficiency and suffers less high-frequency distortion compared to OFDM, which benefits the bandwidth-limited VLC systems. As the simulation results show, bit error rate performance of FrCT-NOFDM with α of 0.9 or 0.8 is better than that of OFDM. Meanwhile, FrCT-NOFDM has a superior security performance. In conclusion, FrCT-NOFDM shows the potential for application in the future VLC systems.
I. INTRODUCTION
Recently, visible light communications (VLC) have been proposed to provide high-speed network access for office, shop center, warehouse, and airplane because of many advantages such as the lost-cost front-ends, unregulated huge frequency resources, and no electromagnetic interference [1] - [4] . As a potential access option for the future 5G wireless systems, VLC systems are gaining extensive attention [5] - [7] . However, there are many obstacles for the practical VLC systems. For instance, the data rate of VLC systems is limited by the bandwidth of the light-emitting diodes (LEDs) and multipath effect [8] - [10] . The multipath effect gives rise to the frequency-selective power fading, which seriously limits the effective bandwidth. The longer the delay spread of multipath is, the smaller the effective bandwidth is. How to transmit more data on the limited bandwidth is an important issue in VLC systems.
In order to fully utilize the limited bandwidth of VLC systems, the modulation schemes with high spectral efficiency should be employed. Orthogonal frequency-division multiplexing (OFDM) is a well-known modulation scheme with high spectral efficiency, which has been widely investigated for VLC systems [11] - [15] . As we know, VLC is an intensity-modulation/direct-detection (IM/DD) optical system. Therefore, OFDM signal for the VLC systems needs to be real-valued and unipolar. For widely-used discrete Fourier transform-based OFDM (DFT-OFDM), Hermitian symmetry should be used to generate the real-valued signal. To obtain the unipolar signal, there are two popular approaches: one is DC-biased optical OFDM (DCO-OFDM) and the other is asymmetrical clipping optical OFDM (ACO-OFDM) [16] - [18] . In DCO-OFDM, the biasing and clipping operations are employed to make the bipolar OFDM signal unipolar. In ACO-OFDM, only the odd subcarriers are valid, whereby the generated bipolar OFDM signal has a redundant negative part. Therefore, an unipolar signal can be obtained by clipping the negative part of the generated bipolar OFDM signal. DCO-OFDM and ACO-OFDM have their respective advantages and disadvantages and thus we can select the suitable one depending on the application scenario.
Non-orthogonal frequency-division multiplexing (NOFDM) systems have been investigated in both wireless and optical communications to further increase the spectral efficiency by compressing the subcarrier spacing [19] - [23] . In conventional NOFDM for IM/DD optical systems, the multiplexing usually employs inverse fractional Fourier transform (IFrFT) [19] , [20] . However, the subcarrier distribution in FrFT-based NOFDM (FrFT-NOFDM) is different from that in OFDM, thus the real-valued signal cannot be generated by employing Hermitian symmetry. In general, the upconversion is applied to the complex-valued NOFDM signal for realizing intensity modulation [19] , [20] . There are two methods to implement the upconversion: analog and digital methods. In the analog method [19] , two-channel digital-to-analog converters (DACs) are required to convert the digital complex-valued NOFDM signal into two analog signals. Then, an in-phase/quadrature (I/Q) mixer with a radio frequency (RF) source is used to combine two analog signals and up-convert to intermediate frequency. The two-channel DACs, I/Q mixer, and RF source are uneconomical for the cost-sensitive VLC systems. In the digital method [20] , the upconversion can be implemented by the digital signal processing, which can avoid some expensive analog devices but requires the high-bandwidth DAC. In both analog and digital methods, the generated intermediate-frequency signal has higher bandwidth compared to the baseband signal, which requires the electrical, electro-optic and photoelectric devices with high electrical bandwidth. The high-bandwidth devices are expensive for the cost-sensitive VLC systems.
In 1975, Mazo proposed the first FTN signaling, of which the symbol rate is faster than the Nyquist rate [24] , [25] . In our previous work, we proposed the real-valued fasterthan-Nyquist (FTN) NOFDM schemes, which have been experimentally demonstrated in the fiber-optic communications [26] , [27] . For the IM/DD optical systems, the realvalued FTN NOFDM signal requires no upconversion and has high spectral efficiency. Under the same transmission rate, the real-valued FTN NOFDM signal occupies smaller bandwidth compared to OFDM signal, which is promising in bandwidth-limited VLC systems. In this paper, we apply FTN NOFDM signal to VLC systems and study its performance in detail.
The main contributions of this paper are as follows:
• A novel FTN NOFDM based on fractional cosine transform (FrCT-NOFDM) for VLC systems: The FrCT-NOFDM signal occupies smaller bandwidth than OFDM signal thereby having higher spectral efficiency. Meanwhile, FrCT-NOFDM signal is real-valued. Therefore, it is suitable for the bandwidth-limited and costsensitive VLC systems.
• A specific analysis of FrCT-NOFDM system over the optical-wireless channel: The bit error rate (BER) performance of FrCT-NOFDM is comprehensively analyzed under the different bandwidth compression factor, root-mean-square (RMS) delay spread, DC bias, and iterative number. Meanwhile, the simulation result shows that FrCT-NOFDM signal has the potential for application in the security VLC systems owing to the superior security performance. The rest of this paper is organized as follows. We give the principle of FTN FrCT-NOFDM for the VLC systems in Section II. In Section III, we analyze the optical-wireless channel and noise models for simulation. In Section IV, we implement the simulations and give the simulation results for studying the performance of FrCT-NOFDM in the VLC systems. Finally, the paper is concluded in Section V. Fig. 1 depicts a block diagram of FTN FrCT-NOFDM for VLC systems. Different from that in FrFT-NOFDM, the multiplexing/demultiplexing processing in FrCT-NOFDM employs the inverse FrCT (IFrCT)/FrCT algorithm, which is defined as
II. PRINCIPLE OF FTN FRCT-NOFDM FOR VLC SYSTEMS
where
The bandwidth compression factor α determines the level of the bandwidth compression. Obviously, IFrCT is a realvalued transform, thus the generated NOFDM signal x n is real-valued when X k is real-valued. Therefore, Hermitian symmetry is not required in FrCT-NOFDM for obtaining the real-valued signal. Meanwhile, the upconversion is not required in FrCT-NOFDM for IM/DD optical system. Figure 2 reveals the sketched spectra of discrete cosine transform (DCT)-based OFDM (DCT-OFDM) (i.e., α = 1) and FrCT-NOFDM when the number of subcarriers is set to 4. The subcarrier spacing of DCT-OFDM is half of that of frequently-used DFT-OFDM, which is equal to 1/2T where T denotes the time duration of one symbol [28] - [31] . In DCT-OFDM, all the subcarriers locate on the positive frequency region and their mirror images fall on the negative frequency region [32] - [34] . Due to the compression of subcarrier spacing, the subcarrier spacing of FrCT-NOFDM is expressed as α/2T . The bandwidth of FrCT-NOFDM can be calculated by
when the subcarrier number is large enough. The bandwidth of FrCT-NOFDM decreases with the decrease of the α. When α is set to 0.8, the bandwidth saving can achieve 20%. Therefore, FrCT-NOFDM has a higher spectral efficiency than DCT-OFDM. As we know, the Nyquist rate is define as the double of bandwidth,
The symbol rate of FrCT-NOFDM is equal to
Therefore, when the α in FrCT-NOFDM is set to 0.8, its symbol rate is 25% faster than its corresponding Nyquist rate.
III. OPTICAL-WIRELESS CHANNEL MODEL AND NOISE MODEL
The optical-wireless channel can be modeled as a linear baseband system. The received signal after optical-wireless channel is defined as
where h(t) is the channel impulse response of optical-wireless channel, x(t) is the transmitted signal, n(t) is the noise component, and * denotes the convolution operation. The h(t) is expressed as
where N D is the number of paths, h n is the channel coefficient and n τ is the delay of the n-th path.
In general, the optical-wireless channel models fall into two categories: directed and non-directed (i.e. diffused) models [35] - [37] . In the directed model, line of sight (LOS) plays the major role. Therefore, the directed model can be appropriately considered as an additive white Gaussian noise (AWGN) channel model. In the non-directed model, the optical power propagates along various paths with different lengths, which causes the multipath effect. In this paper, we employ the non-directed model to investigate the influence of the multipath effect on FrCT-NOFDM. The multipath effect is usually caused by two ways: one is the multiplereflection light and the other is the single-reflection light. The exponential-decay (ED) and ceiling-bounce (CB) models were proposed to model both multiple reflection light and single reflection light [35] . The channel impulse response of the ED model can be defined as
where the D is the RMS delay spread of the multiple reflections and u(t) is the unit step function. The channel impulse response of the CB model is given by
where a = 12 11 13 D. Figure 3 shows the transfer function of the ED and CB models. In our simulation, the RMS delay spread is set to the values from 1.5 ns to 9 ns [41] . When the RMS delay spread is set to 1.5 ns, the 3-dB bandwidth of ED model and CB model is 33.7 MHz and 31.4 MHz, respectively. Therefore, the 3-dB bandwidth of the ED model is slightly wider than that of the CB model for the same RMS delay spread. When the RMS delay spread is set to 3 ns, 6 ns, and 9 ns, the 3-dB bandwidth of the CB model is 20.9 MHz, 11.7 MHz, and 8.3 MHz, respectively. The 3-dB bandwidth of the CB model decreases with the increase of the RMS delay spread. The multipath effect causes the frequency-selective power fading, which seriously limits the effective bandwidth. For VLC systems, there are many other complex channel models, which are derived from the non-directed model by considering many other conditions such as the position of LED and photodiode (PD) and the field of view of the PD [38] - [40] . In this paper, we aim to investigate the performance of FrCT-NOFDM signal influenced by the multipath effect. Without loss of generality, we can employ the CB model to achieve the aim in the simulation. In optical-wireless systems, there are two main noise components: receiver circuit thermal noise and photon noise, which are subject to the white Gaussian distribution and both independent of the transmitted signal [36] , [37] . Therefore, we can model the total noise n(t) as the Gaussian and signal-independent distribution in the simulation. 
IV. SIMULATION SETUP AND RESULTS

A. SIMULATION SETUP
In this section, we present the simulation setup and the detail of channel equalization and inter-carrier interference (ICI) cancellation algorithm.
For VLC systems, the simulation of FrCT-NOFDM is implemented by MATLAB based on the block diagram shown in Fig. 1 . The encoding block mainly consists of the real constellation mapper, 256-point IFrCT, and cyclic prefix (CP) addition. In our simulation, the modulated constellation employs the 2-PAM. For resisting the inter-symbol interference, the CP length is set to 1/16 of the symbol duration in FrCT-NOFDM by simultaneously considering the performance and spectral efficiency. In one frame, 256 FrCT-NOFDM symbols and 10 training symbols are transmitted. Eight frames are used to calculate the BER. A suitable DC bias is required to make the FrCT-NOFDM signal to be unipolar. The transmission rate of the generated FrCT-NOFDM signal is set to 100 Mbit/s. As shown in Section III, the optical-wireless channel employs the CB model and the adding noise is Gaussian and signal-independent in the simulation. Fig. 4 shows the spectra for the DCT-OFDM and FrCT-NOFDM signals with the transmission rate of 100 Mbit/s after the optical-wireless channel. The dark line denotes the transfer function of CB model with 3-ns RMS delay spread. After the optical-wireless channel, the signals suffer the high-frequency distortion. The bandwidth of 100-Mbit/s DCT-OFDM signal is equal to 50 MHz, which is half of the transmission rate. The bandwidth of FrCT-NOFDM signal is smaller than that of DCT-OFDM, which is 45 MHz, 40 MHz, and 35 MHz when the α is set to 0.9, 0.8, and 0.7, respectively. Therefore, FrCT-NOFDM occupies smaller bandwidth and thus achieves higher spectral efficiency compared to DCT-OFDM. The decoding block mainly consists of CP removal, channel equalization, 256-point FrCT, iterative detection (ID) algorithm, and constellation demapper. The channel estimation and frequency-domain equalization are implemented to compensate the channel distortion. The non-orthogonal subcarriers give rise to ICI, which seriously deteriorates the BER performance. The ICI is able to be eliminated by the ID algorithm. Figure 5 depicts the block diagram of channel estimation and frequency-domain equalization for FrCT-NOFDM. In the channel estimation, the channel characteristic can be estimated by the training symbols. The received training symbols are sent to the DFT module to obtain its frequencydomain symbols T . The channel matrix H can be calculated by T /T where T are the transmitted training symbols in the frequency domain. In the frequency-domain equalization, the received payload symbols are firstly transformed from the time domain into the frequency domain. The frequencydomain payload symbols X are divided by the channel matrix H to realize the equalization. After equalization, the output symbols X are sent to IDFT module. The outputs of IDFT module are the FrCT-NOFDM symbols after equalization.
Algorithm 1 depicts the detailed processing of the ID algorithm for 2-PAM-modulated FrCT-NOFDM. The correlation matrix C can be calculated by,
which represents the interference between l-th and m-th subcarriers. The ID algorithm can be implemented by three steps. The first step reduces the ICI by
where i denotes the i-th iteration. The second step is the decision operation. The signals falling on the decision regions (i.e., the value of the signal is larger than d or smaller than −d) can be mapped into the desired constellation points. The last step is updating the decision level by d = 1 − i/I where I is the total iterative number. Finally, the recovered symbol S can be obtained after the I -th iteration.
B. SIMULATION RESULTS
In this section, we give the simulation results of FrCT-NOFDM for the VLC systems. The BER performance of FrCT-NOFDM is comprehensively analyzed under different α, RMS delay spread, DC bias, and iterative number. Meanwhile, FrCT-NOFDM shows a superior security performance. Figure 6 shows BER versus the SNR for DCT-OFDM and FrCT-NOFDM signals. The RMS delay spread is set to 3 ns, the DC bias is set to 7 dB, and the iterative number of ID algorithm is set to 20. In FrCT-NOFDM with α of 0.9 or 0.8, the BER can achieve the 7% forward error correction (FEC) limit (i.e., the BER of 3.8 × 10 −3 ) at the SNR of ∼ 22 dB. In DCT-OFDM, the BER can achieve the 7% FEC limit at the SNR of ∼ 24.2 dB. When α is set to 0.9 or 0.8, FrCT-NOFDM exhibits an improvement in the SNR of ∼ 2.2 dB compared to DCT-OFDM. As Fig. 4 shows, the power of high-frequency part in DCT-OFDM signal is seriously declined, but the high-frequency part in FrCT-NOFDM is empty owing to the bandwidth compression. Therefore, DCT-OFDM suffers more high-frequency distortion and has worse BER performance compared to FrCT-NOFDM with α of 0.9 or 0.8.
In FrCT-NOFDM, the residual ICI after ID algorithm increases with the decrease of α. As Fig. 6 depicts, when the SNR is larger than 22 dB, the BER performance of FrCT-NOFDM with α of 0.8 become worse than that of FrCT-NOFDM with α of 0.9. This is because the residual ICI in FrCT-NOFDM with α of 0.8 is larger than that in FrCT-NOFDM with α of 0.9, and with the increase of SNR, the residual ICI turns into the major distortion. Due to the large residual ICI, FrCT-NOFDM with α of 0.7 can not achieve the 7% FEC limit at the SNR of 30 dB. Figure 7 reveals the BER against the SNR for different RMS delay spread of the optical-wireless channel. The α of FrCT-NOFDM is set to 0.9, the DC bias is set to 7 dB and the iterative number of ID algorithm is set to 20. The BER performance deteriorates with the increase of the RMS delay spread due to the decrease of the channel bandwidth. When RMS delay spread is set to 9 ns, the bandwidth of the CB model is only 8.3 MHz, which is insufficient for the signal with 45-MHz bandwidth. Under this condition, BER can only achieve the 7% FEC limit under the SNR of 30 dB. Figure 8 depicts the required SNR at the 7% FEC limit against the RMS delay spread for DCT-OFDM and FrCT-NOFDM with α of 0.9. When RMS delay spread is set to 1.5 ns, the required SNR for DCT-OFDM signal is about 4.4-dB higher than that for FrCT-NOFDM signal. As shown in Fig. 3 , when the RMS delay spread is set to 1.5 ns, the transfer function of the CB model is fading fast while the bandwidth is larger than 45 MHz, looking like a cliff. This fast high-frequency power fading seriously degrades the performance of the subcarriers between 45 MHz and 50 MHz in DCT-OFDM. However, there is no subcarrier between 45 MHz and 50 MHz in FrCT-NOFDM with α of 0.9, thus it is almost not influenced by that fast high-frequency power fading. When RMS delay spread increases, the high-frequency power fading becomes smooth. Therefore, the difference of the required SNR between DCT-OFDM and FrCT-NOFDM is no longer so large. The required SNR in FrCT-NOFDM is approximately 2 dB smaller than that in DCT-OFDM when RMS delay spread is equal or greater than 3 ns. Figure 9 shows the BER versus the SNR for different DC bias in FrCT-NOFDM when α is set to 0.9. The iterative number of ID algorithm is set to 20 and the RMS delay spread is set to 3 ns. In IM/DD VLC systems, FrCT-NOFDM suffers the clipping distortion, which decreases with the increase of DC bias. If the DC bias is large enough, there is almost no clipping noise in FrCT-NOFDM and its power is approximately equal to the power of useful signal plus the power of DC bias. Therefore, when the DC bias is large enough, the difference between the required SNRs for FrCT-NOFDM with different DC bias is equal to the difference between the corresponding DC-bias power. When the DC bias is 4 dB, the signal still suffers the clipping noise, thus the difference between the required SNRs of FrCT-NOFDM with 4-and 7-dB DC bias is smaller than 3 dB. However, when DC bias is larger than 7 dB, there is little clipping noise in the signal. The difference between the required SNRs of FrCT-NOFDM with 7-and 10-dB DC bias is almost equal to 3 dB. The simulation result coincides with the theoretical analysis. Figure 10 shows the BER against the SNR for different iterative numbers of the ID algorithm. The α of FrCT-NOFDM is set to 0.8, the RMS delay spread is set to 3 ns, and the DC bias is set to 7 dB. When the ID algorithm is not employed (i.e., the iterative number is set to 0), the BER cannot achieve the 7% FEC limit although the SNR is set to 30 dB. This is because the ICI seriously degrades the BER performance of FrCT-NOFDM. With the increase of the iterative number, the BER performance is markedly improved. Therefore, the ICI can be effectively eliminated by ID algorithm. However, the complexity of ID algorithm increases with the iterative number. The performance of ID algorithm will no longer be obviously improved with the increase of the iterative number while the iterative number is large. Therefore, we can choose the suitable iterative number by synthetically considering the effect and complexity of ID algorithm. Figure 11 shows the BER versus α for FrCT-NOFDM signal when α at the transmitter is set to 0.9 and SNR is set to 28 dB. The iterative number of ID algorithm is set to 20 and FIGURE 11. BER versus α for FrCT-NOFDM signal when α at the transmitter is set to 0.9 and SNR is set to 28 dB. the RMS delay spread is set to 3 ns. The α denotes the deviation of α between the transmitter and receiver. When α is larger than 0.001, the BER performance will be significantly deteriorated (BER > 7% FEC limit). In other words, the data can only be recovered accurately when α is less than 0.001. This is because both FrCT and ID algorithm at the receiver need an accurate α. Therefore, α can be used as an encryption key for the security communications. If the α can not be known accurately, the transmitted data cannot be accurately recovered at the receiver. It reveals that FrCT-NOFDM signal has the superior security performance for application in the security VLC systems.
V. CONCLUSION
This paper proposed the FTN FrCT-NOFDM signal for VLC systems. Compared to FrFT-NOFDM signal, FrCT-NOFDM signal is real-valued, which can be directly applied to the VLC systems without upconversion. Therefore, FrCT-NOFDM signal is more suitable for cost-sensitive VLC systems. Under the same transmission rate, FrCT-NOFDM signal occupies smaller bandwidth compared to OFDM signal. When α is set to 0.8, 20% bandwidth saving can be obtained. By this way, FrCT-NOFDM signal suffers less highfrequency distortion, which is suited to the bandwidth-limited VLC systems.
We presented the simulations to investigate the performance of FrCT-NOFDM. When the RMS delay spread is set to 3 ns (i.e., the 3-dB channel bandwidth is 20.9 MHz) and the transmission rate is set to 100 Mbit/s, FrCT-NOFDM with α of 0.9 or 0.8 exhibits an improvement in the SNR of 2.2 dB compared to DCT-OFDM because of the less highfrequency distortion. Meanwhile, FrCT-NOFDM has the superior security performance for application in the security VLC systems. However, it is worth noting that the residual ICI after ID algorithm is still a critical problem for the highorder constellations and thus the more effective algorithm will be investigated to solve this problem in our future work, such as the simplified maximum likelihood detection [42] - [44] . In conclusion, FrCT-NOFDM shows the potential for application in the future VLC systems. 
